Expression of the major biofilm components of E. coli, curli fimbriae and cellulose, requires the CsgD transcription factor. A complex regulatory network allows environmental control of csgD transcription and biofilm formation. However, most clinical serotype O157 : H7 strains contain prophage insertions in the csgD regulator, mlrA, or mutations in other regulators that restrict csgD expression. These barriers can be circumvented by certain compensating mutations that restore higher csgD expression. One mechanism is via csgD promoter mutations that switch sigma factor utilization. Biofilm-forming variants utilizing RpoD rather than RpoS have been identified in glycerol freezer stocks of the non-biofilm-forming food-borne outbreak strain, ATCC 43894. In this study we used whole genome sequencing and RNA-seq to study genotypic and transcriptomic differences between those strains. In addition to defining the consequences of the csgD promoter switch and identifying new csgD-controlled genes, we discovered a region of genome amplification in our laboratory stock of 43894 (designated 43894OW) that contributed to the regulation of csgD-dependent properties.
INTRODUCTION
The E. coli DNA-binding transcriptional regulator, CsgD, plays a central role in controlling the transition from planktonic growth to the multicellular lifestyle of biofilms. Biofilm formation provides protection from heat, drying, environmental stresses, and antibacterial agents, and is often associated with low-nutrient environmental growth conditions and transcription using the stationary-phase sigma factor, RpoS. CsgD is essential for expression of the curli fimbriae structural genes, csgBA, and also stimulates the diguanylate cyclase, adrA, to produce bis-(3¢-5¢)-cyclicdiguanosine monophosphate (c-di-GMP), which enhances cellulose synthesis by BcsA [1] . Thus, both major extracellular components of E. coli biofilms are in the CsgD regulon. Screening assays for curli and cellulose expression in E. coli isolated from the human gastrointestinal tract, assessed by their affinity and uptake of Congo red (CR), have also revealed strains with expression at 37 C [2] .
Regulation of RpoS-dependent CsgD expression is complex and involves small RNAs, numerous protein transcription factors, including the essential transcriptional activator
MlrA, and c-di-GMP second-messenger signalling controlled by diguanylate cyclase and phosphodiesterase pairs [3] [4] [5] [6] [7] [8] [9] . Moreover, CsgD-regulated adhesive and aggregative phenotypes are directly suppressed by cross-talking factors that enhance motility during the early growth phase [10] . Key elements include competition for core RNA polymerase between RpoS and the flagellar-specific sigma subunit FliA, suppression of RpoS activity by protein regulator FliZ, and modulation of c-di-GMP by the phosphodiesterase, YhjH [10] . Finally, cell-to-cell signalling by extracellular molecules such as indole have been shown to affect biofilm formation and motility in E. coli and other species; although a direct link to the csgD gene has not been shown [11, 12] .
In spite of this sophisticated and complex regulatory scheme, csgD expression is often confounded by prophage insertions in mlrA and mutations in rpoS, the terminal components in the csgD regulatory network [13] . Prophage insertions, often carrying the stx 1 genes, are especially common in serotype O157 : H7 strains, with rates estimated at greater than 95 % [13, 14] . Consequently, the expression of csgD, curli fimbriae and biofilm is attenuated, sporadic, or absent in many Shiga toxin-producing E. coli (STEC) strains depending on media and culture conditions [15] . This restricted expression is apparent despite abundant evidence proving the benefits of curli expression and biofilm formation in both the host and during nutrient deprivation in the environment. This paradox suggests that csgD expression in STEC strains may have evolved beyond other E. coli strains through selection for additional mechanisms that adapt curli and biofilm expression for the requirements of that unique group. Restoration of biofilm phenotypes to nonbiofilm-forming strains of stx 1 + /stx 2 + serotype O157 : H7 strains has been shown [16] [17] [18] . Mutations in csgD repressors such as rcsB can restore biofilm formation to strains carrying stx 1 prophage [16, 17] . Moreover, the loss of prophage from the mlrA insertion site can reform mlrA, increase csgD transcription and serve as an additional mechanism for restoring curli and biofilm production [17, 19] . In addition, serotype O157 : H7 strains with mutations in the csgD promoter that favour utilization of the sigma factor RpoD can circumvent the requirement for RpoS, and also show strong, constitutive csgD and curli expression [20] . In a previous study, glycerol stocks of ATCC 43894 and ATCC 43895 (CDC EDL 933) that tested negative for curli expression also contained curli-producing variants possessing single-base-pair csgD promoter mutations that allowed strong csgD expression at environmental temperatures and biofilm formation independently of rpoS [20, 21] . However, strains with constitutive csgD expression were not isolated among other csgD-enhancing mutations in our recent study [17] .
Promoter mutations in csgD that alter sigma factor utilization from RpoS to RpoD provide a unique mechanism for increasing biofilm formation, but the transition also disrupts normal rpoS-dependent CsgD regulation. In this study, we compared transcription profiles and genome sequences of a curli-deficient and a curli-producing strain that differ in sigma factor utilization to study the mechanism, regulation, and consequences of one such csgD promoter mutation.
METHODS
Bacterial strains, culture conditions and DNA procedures E. coli serotype O157:H7 strains CDC EDL932 (ATCC 43894) and CDC EDL933 (ATCC 43895) are a human faecal isolate and a ground beef isolate, respectively, associated with the same 1983 Michigan state haemorrhagic colitis outbreak [22] . Strain 43894OW originated from ATCC 43894 and has been used as the wild-type stain in experiments during the past decade in our laboratory. A fresh sample of 43894 acquired from ATCC for comparative studies was designated 43894ATCC. Strain 43894OR is a CR dye-binding (CR + ) variant possessing a csgDÀ10 promoter mutation conferring constitutive expression dependent on RpoD [20] . Construction of strain 4389OR-csgD was reported in a previous study [15] . Strain 20R2R is a curli/biofilm-producing variant of serotype O157 : H7 clinical isolate PA20 that resulted from the loss of the resident mlrA prophage [17, 19] . All strains were stored at À80 C in 15-20 % glycerol. Working stocks were maintained on Luria Bertani (LB) agar. Plasmid pSE380 derivatives were induced by IPTG at 1 mM. DNA for Illumina whole genome sequencing (WGS) and PCR amplifications was isolated using a DNeasy Blood and Tissue Kit (Qiagen). DNA for PacBio sequencing was isolated with a Qiagen Genomic-tip 100/G (Qiagen). Amplification of long DNA templates was performed using PrimeSTAR GXL DNA polymerase (Takara Bio).
RNA isolation, cDNA preparation and quantitative reverse transcriptase PCR Five millilitres of LB broth was inoculated from glycerol stocks of each strain and grown for 16 h at 37 C. A 1 ml aliquot of each was centrifuged at 13000 g for 2.5 min, resuspended in 100 µl LB broth, spin-plated on T-medium agar pre-warmed to 30 C [23] , and incubated for 6 h at 30 C. Total cells from each plate were collected using a sterile cotton swab and suspended in RNAzol RT (MRC). Total RNA was isolated following the manufacturer's protocol using 4-bromoanisole and re-suspended in 40 µl RNase-free water. Contaminating DNA was removed from RNA samples by DNase I digestion using Turbo DNA-free (Ambion). A single sample for each strain was processed for screening by RNA-seq as described below.
For quantitative reverse transcriptase PCR (qRT-PCR), RNA was collected from three independent samples of each tested strain. cDNA from 1 µg total RNA was generated using the SuperScript III First Strand Synthesis System (Invitrogen). qRT-PCR was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems) using 20 µl reactions containing 1.2 ng cDNA (or 1.2 ng RNA as a negative control), 10 pmol of each primer (Integrated DNA Technologies), and 10 µl Fast SYBR Green Master Mix (Applied Biosystems). The gyrA gene was used as a reference to normalize the results. The primers used are shown in Table S1 (available in the online Supplementary Material). Quantitative PCR data were analysed using the fold change (FC)=2
ÀDDCT method [24] . The mean log 2 FC for three trials of selected genes along with standard deviations (SDs) are reported and compared with corresponding RNA-seq results.
RNA-seq and data analysis RNA-seq was performed by ProteinCT Biotechnologies, LLC (Madison, WI) and expression analysis was performed by BioInfoRx (Madison, WI), as previously described [19] . Briefly, total RNA was treated with RiboZero kits (Epicentre) for bacteria to reduce bacterial rRNA, followed by library preparation with the Illumina TruSeq strand-specific mRNA sample preparation system (Illumina). After RNA fragmentation, a strand-specific library was constructed by first-strand cDNA synthesis using random primers, sample clean-up and second-strand synthesis using DNA Polymerase I and RNase H. A single 'A' base was added to the cDNA fragments followed by ligation of the adapters. The final cDNA library was achieved by further purification and enrichment with PCR, and quality checked by using a Bioanalyzer 2100. The libraries were sequenced (1Â50 bp) using the Illumina HiSeq2500, with a final total of~15 million or more reads per sample.
The reference genome for analysis and annotation was prepared by combining the chromosome and plasmid sequences of E. coli O157:H7 strains Sakai (NC_002695) or EDL933 (NC_002655). RNA-Seq data were mapped to the reference genome using the Subjunc program from the Subread-1.4.6 package (http://bioinf.wehi.edu.au/subread/) [25] . The alignment BAM files were compared with the gene annotation GFF file, and raw counts for each gene were generated using the featureCounts tool from Subread. The raw counts data of the expressed genes was normalized for RNA composition by using the TMM method (www.ncbi.nlm.nih.gov/pubmed/20196867) from the EdgeR package (https://bioconductor.org/packages/release/bioc/ html/edgeR.html), then transformed to log 2 c.p.m. (counts per million) values by using the voom method from the R Limma package (https://bioconductor.org/packages/release/ bioc/html/limma.html) [26] . Next, a linear model was built for each comparison by using the Limma package and statistics for differential expression analysis were computed. To filter for differential expression, twofold or fourfold changes with FDR 0.05 were used as cut-offs. Functional annotation used DAVID Bioinformatics Resources 6.7, NIAID, NIH (http://david.abcc.ncifcrf.gov). RNA-seq data are described in the text using Sakai locus tag designations.
WGS and data analysis
Libraries prepared with Nextera (Epicentre) from total genomic DNA isolated from strains 43894OR and 43894OW were sequenced using the Illumina MiSeq at ProteinCT Biotechnologies and assembled by BioInfoRx, as described previously [19] . Single-molecule, real-time (SMRT) sequencing was performed at the University of Delaware Sequencing and Genotyping Genter using the PacBio RS II SMRT DNA Sequencing System (Pacific Biosiences, Menlo Park, CA). Assembled sequences were visualized by using the Integrative Genomics Viewer (Broad Institute, Cambridge, MA) and the amplified Nar/TK region was further manually examined by using the Lasergene suite (DNASTAR). Copy number estimations were calculated as FC=2
ÀDDCT from dilutions of the total DNA samples used for next generation sequencing, as described previously.
Construction of the hnr expression plasmid
The hnr gene, amplified from strain 43894OR using primers hnr380F and hnr380R (Table S1 ), was cloned into the NcoI/ HindIII sites of plasmid pSE380 to create the IPTG-inducible fusion plasmid, pSE380 :: hnr. Cloned DNA was sequenced to confirm amplification accuracy (primers not shown).
Biofilm assays
Biofilm assays in 96-well plates (6 wells per strain) were performed as described previously [27] . The results of three independent samples for each strain were analysed by ANOVA and the significance of the means was tested by using the Tukey multiple range (TMR) test [28] .
RESULTS

43894OR versus 43894OW gene expression profiles
Comparison of strains 43894OR and 43894OW RNA-seq expression profiles revealed 23 chromosomal genes elevated !fourfold in strain 43894OR, which included all seven proven genes in the csg operons (Table 1) . Although more than eightfold higher in strain 43894OR than in 43894OW, the absolute transcript numbers of csgD were abundant in both 43894OW (442.7 c.p.m.) and 43894OR (5941.2 c.p.m.). A 240 bp hypothetical ORF (ECs1418) in the intergenic region between the divergent csgB and csgD genes was also expressed >eightfold higher in 43894OR than 43894OW; however, the total transcript count was low in each strain (12.9 and 1.2 c.p.m., respectively). The significance and function of this potential ORF is unknown at this time. Transcripts of biofilm-associated genes adrA, a GGDEF protein stimulating cellulose production, and ECs2054 (yncC), a transcriptional regulator of colanic acid synthesis, were also increased. YncC has been shown to positively influence biofilm formation [29] . Two up-regulated genes, yoaD, encoding an EAL-domain protein that functionally opposes AdrA, and ECs1422, encoding a protein similar to FimA, have also been shown to be CsgD controlled [30] . Three ribose utilization genes: a ribonucleoside transporter (nepI), a ribokinase (ECs4694) and a ribose operon transcriptional repressor rbsR (ECs4695), were increased, along with the potential collagenase (ECs4039) and the enterocidin B membrane lipoprotein (ECs5586). Hypothetical genes showing increased expression in variant 43894OR included ECs1048, ECs3508, ECs4040, ECs5540, ECs4220 (pfam predicted lipoprotein), and ECs1615 (similar to phage integrase, ybcK).
There were 47 chromosomal genes showing over fourfold lower expression in 43894OR compared to 43894OW. Included were 39 flagellar/chemotaxis genes and the motility-associated, GGDEF/EAL protein-encoding gene, yhjH [31] (selected genes are listed in Table 1 ; for full gene list see Table S2 ). Of the remaining seven genes, three were located in a nitrate reductase cluster, ECs1912 encoded the mscS mechanosensitive channel protein, and three genes (ECs2704, ECs1511 and ECs3817) encoded hypothetical proteins. Additional genes of interest, such as hnr, hns and the master flagellar regulator component, flhC, are also listed in Table 1 , even though their expression differences were not above the fourfold threshold.
Validation of RNA-seq-predicted expression differences by qRT-PCR The expression levels of selected genes identified in the 43894OR versus 43894OW comparison were tested by qRT-PCR to verify the RNA-seq expression estimates. RNA samples were collected from three independent experiments tested under identical conditions. In each instance where an expression difference was tested, the mean log 2 FC determined by RNA-seq was confirmed by the corresponding mean estimate determined by qRT-PCR, except for one gene ( Table 1) . The enterocidin B membrane lipoprotein gene showed a 2.21 log 2 FC difference by RNA-seq but only a nominal 1.23 log 2 FC difference by qRT-PCR. Thus, qRT-PCR predicted a 2.3-fold rather than 4.6-fold difference. However, for screening purposes, the FC estimates using the RNA-seq of a single RNA sample appear to be reasonable predictors of expression differences between the two strains. Table 1 . Comparison of differentially regulated genes in strains 43894OR versus 43894OW genes with expression differences above the threshold (log 2 FC!2 or À2) were identified from a single run of RNA-seq, and a subset of select genes were validated by qRT-PCR using three independent biological samples of each strain Genes flhC, hnr and hns were included for their relevance in this study, even though the expression differences were below the cut-off. CsgD controls certain expression differences Deletion of csgD affected the differential regulation of several genes identified in the 43894OR versus 43894OW comparison, as shown in Table 2 . Deletion of csgD in 43894OR eliminated csgB expression compared to strain 43894OW, confirming a csgB dependence on csgD ( Table 2 ). The fact that csgB expression in 43894OR-csgD was reduced nearly 32-fold lower than that of strain 43894OW indicates that, in spite of the prophage disruption of mlrA, some level of csgD-dependent csgB expression still occurred in 43894OW. However, this lower level was apparently insufficient or unable to induce detectable biofilm formation in strain 43894OW (Fig. 1a) .
Expression of adrA was found to be completely csgDdependent, as expected, as was the gene encoding the opposing phosphodiesterase, yoaD. For the regulatory gene yncC, csgD deletion alleviated some, but not all, of the >eightfold higher expression observed in 43894OR compared to 43894OW, suggesting yncC enhancement by CsgD ( Table 2 ). The fimA and three other hypothetical genes [ECs4039 (yhbU, collagenase), ECs4040 (yhbV, protease), and ECs5540] showed higher expression (log 2 FC!4) in 43894OR compared to 43894OW, and csgD deletion essentially abolished those expression differences indicating that the expression of these genes is strongly dependent on CsgD (Table 2 ). Finally, hypothetical gene ECs3508 showed nearly a fourfold change in 43894OR compared to 43894OW and was also dependent on CsgD.
However, csgD deletion had no effect on many other differentially expressed genes in 43894OR ( Table 2) . Expression of the flagellar/chemotaxis genes (flhC, fliA, fliC, cheA, yhjH, ycgR) and the nitrate reductase gene (narI) remained lower (log 2 FC À2) in strain 43894OR-csgD compared to 43894OW (Table 2) . Apparently, the mechanism responsible for the expression differences in these two major gene categories did not involve CsgD ( Table 2) .
WGS of strains 43894OW and 43894OR
As no concrete mechanism for the flagellar/chemotaxis gene expression differences emerged from the transcriptomic study, we hypothesized that an additional mutation(s) in strain 43894OW, other than the csgD promoter point mutation, might have occurred. Using Illumina sequencing, we generated and compared draft genomes of 43894OR and 43894OW. Other than the expected single-nucleotide change in the csgD promoter, which was confirmed by PCR amplification and additional Sanger sequencing due to low WGS quality scores (results not shown), no additional high quality score single nucleotide or indel differences between the two strains were discovered. However, there were two chromosomal regions, one in each strain but in different chromosomal locations, where the read coverage depth varied between the two strains (Fig. 2a) . The EDL933 (ATCC 43895) reference sequence (NZ_CP008957.1) from nucleotide 1811630 to 1824548 had read coverage up to 10Â greater in strain 43894OW, depending on the mapping point, suggesting a chromosomal amplification unique to strain 43894OW. The termini of the amplified region were defined by the 3¢ portion of narG and the thymidine kinase (TK) gene. Genes within that area include the nitrate reductase genes, narGHJI, hnr, and the gene encoding the DNAbinding transcriptional regulator, H-NS (Fig. 2b) . Read mapping of 43894OW MiSeq files revealed some chimeric sequences of the Nar/TK region joined with phage portal genes instead of the expected neighbouring sequences, suggesting that some copies of the Nar/TK may be integrated into one or more phage portal genes elsewhere on the chromosome. Under the limitations of the short sequencing reads of MiSeq data, we were unable to verify with certainty whether the Nar/TK amplifications occurred at the resident site or elsewhere on the chromosome using the available sequencing data. However, long-range PCR of the Nar/TK region using opposing primers in the flanking sequences of the wild-type location resulted in one~13 kb fragment, Table 2 . Effect of csgD on select gene expression for strain pairs 43894OR versus 43894OW and 43894OR-csgD versus 43894OW A regulatory effect for csgD was tested by comparing the expression on select genes in strains 43894OR or 43894OR-csgD to strain 43894OW. Three independent samples per strain were evaluated using qRT-PCR.
Gene
Product No effect *Difference of log 2 FC between 43894OR and 43894OR-csgD: positive, !2; minor, !1.5, but <2; no effect, <1.5.
indicating that there is only a single copy at the native site (Fig. 2c) . These findings suggest that, in addition to a single copy in the expected site, Nar/TK amplifications are likely to be located in phage portal genes at different sites in the genome. qRT-PCR results comparing the narG and hns genes (within the amplified region) to the gyrA control indicated a sixfold higher copy number in 43894OW than in 43894OR. We also acquired a fresh stock of strain 43894 from ATCC (43894ATCC), and tested the copy number of the Nar/TK region. There was also a six-to ninefold higher copy number of the Nar/TK region in the 43894OW genome compared to the 43894ATCC genome. These results indicate that amplification of the Nar/TK region in strain 43894OW probably occurred during our laboratory storage.
The second area of increased read coverage was identified in strain 43894OR with read counts differing <twofold compared to 43894OW (Fig. 2a) . This region mapped to nucleotides 1333479 to 1395160 of the EDL933 reference, encoding the complete stx 2 -bearing prophage. Quantitative PCR comparing stx2A and stx2B estimated a 1.5-fold higher copy number in strain 43894OR than in 43894OW. Given that both of the sequencing read-counts and qPCR estimated a <twofold difference between the two strains, it is unlikely that this was a stable chromosomal duplication fixed in the 43894OR population. It is more likely that an induced prophage, spontaneous or otherwise, inserted in tandem or at a second remote chromosomal location producing additional copies in a portion of the sequenced population. Translocation or duplication of the stx 2 -encoded prophage in STEC strains is well-documented and it has been shown that progeny of such strains may show variation in their chromosomal positions or complete loss of additional copies [32, 33] .
Overexpression of hnr suppresses biofilm Although csgD was responsible for most of the expression differences between strains 43894OR and 43894OW, the genes in the 43894OW-amplified Nar/TK region may have also contributed to the differential gene expression. Regulatory genes hns and hnr (also known as sprE or rssB) were (Table S1 ) annealing outside and nested within the amplified region.
both candidates for controlling expression changes, but RNA-seq data indicated little difference in hns expression between 43894OR and 43894OW (Table 1) . Therefore, we overexpressed hnr in strains 43894OR, 43894OW and 43894ATCC, and determined its effect on biofilm formation. Because typical rpoS control of biofilm had been lost in strain 43894OR due to the csgD-promoter point mutation, we also tested biofilm-competent strain 20R2R, where csgD expression is rpoS-dependent and mlrA is intact. Hnr facilitates rapid ClpXP degradation of RpoS during the logarithmic growth phase, which slows during the entry to the stationary phase [34, 35] . Accumulation of RpoS during the stationary phase down-regulates the flagellar regulatory cascade [10] , but Hnr overproduction can also speed up RpoS degradation in the stationary phase, favouring flagellar/chemotaxis gene expression but delaying biofilm gene expression [34] . As shown in Fig. 1(a) , strains 43894OW and 43894ATCC, whether carrying the pSE380 vector or the plasmid-expressing hnr, showed no difference in biofilm formation compared to the media control after 48 h. This was expected, as prophage insertion in mlrA disables RpoS-dependent CsgD production. Strain 43894OR produced >20 times more biofilm than 43894OW and also was unaffected by hnr overexpression. This was again expected because CsgD production is dependent on RpoD rather than RpoS in strain 43894OR. However, in strain 20R2R, which produced >15 times more biofilm than 43894OW, biofilm formation was reduced to barely above media control levels by hnr overexpression. When tested over time (Fig. 1b) , continuous and high hnr expression held biofilm production near media control levels throughout the 72 h test period, confirming that hnr overexpression reduces RpoS-dependent biofilm formation.
Hnr increases expression of flagellar genes and represses RpoS-dependent biofilm genes
We used qRT-PCR to test whether hnr overexpression could be responsible for the differential expression of the biofilm and flagellar/chemotaxis genes between strains 43894OR and 43894OW. Under the same conditions used for the RNA-seq experiments, induced 43894OR-carrying pSE380 :: hnr had higher expression of some tested flagellar/ chemotaxis genes (flhC, fliA and fliC; log 2 FC !1.76-3.18) than induced 43894OR carrying only pSE380, but not yhjH and ycgR, indicating that increased hnr expression is sufficient to increase certain flagellar/chemotaxis gene expression (Table 3 ). Expression of the csg genes was increased marginally in 43894OR+pSE380 :: hnr, probably because hnr overexpression increased RpoS degradation, decreasing its competition with RpoD for the csgD promoter (Table 3) . We also tested to see if the flagellar/chemotaxis genes were expressed more highly in our laboratory stock 43894OW than in the fresh ATCC stock (43894ATCC). All flagellar/ chemotaxis gene expression tested was marginally higher (log 2 FC !1.19-2.20) in strain 43894OW than in 43894ATCC, likely to be due to the increased hnr copy number (Table 3) . The csg genes, driven by RpoS in these strains, had lower expression in the 43894OW strain with its higher hnr copy number, as expected (Table 3) . Interestingly, the expression of the CsgD-regulated gene adrA, when subjected to higher levels of hnr, was reduced regardless of which sigma factor was driving csgD expression (Table 3) . More studies are needed to assess the potential role of hnr in the regulation of adrA.
DISCUSSION
The loss and gain of biofilm production involves an evolutionary trade-off balancing energy expenditures against the benefits of stationary-phase stress resistance, and driving the mutations that abolish or restore curli function. We previously tested the strategy of restoring curli function via excision of prophage from the mlrA transcription factor by using a transcriptomic comparison of a prophage-deleted strain, 20R2R, with its parent strain PA20 [19] . A different mechanism for restoring curli and biofilm formation involves csgDÀ10 promoter mutations that allow RpoD to replace RpoS and drive strong, constitutive csgD expression unaffected by the barriers restricting the RpoS-controlled network. In this study, we used RNA-seq and phenotypic assays to determine the effect of such point mutations on a serotype O157 : H7 transcriptome by comparing an isolate from our frozen stock of the outbreak strain ATCC 43894 (designated 43894OW) with its biofilm-producing, promoter variant, 43894OR [20] . We sampled 6 h bacterial growth from TA agar plates, an insufficient time for full differentiation into the complex biofilm architecture described for the macrocolony biofilm model [36] . This sacrificed the identification of differences associated with the later biofilm stages and, by harvesting the entire macrocolony, we were unable to compare expression within the various small architectural zones. However, this sampling scheme allowed us to acquire the RNA quality and quantity needed to effectively study the mechanisms and consequences of the csgD promoter switch at the population level; other interesting studies related to the microanatomy of more mature biofilms will have to be reserved for a later time.
Many of the highly differentially expressed 43894OR genes compared to 43894OW were the same as those identified in our study comparing 20R2R to PA20. This was not unexpected, as the different mechanisms for enhanced biofilm tested in the two studies (modulation of a CsgD transcription factor that binds the csgD promoter versus mutation of a promoter sigma factor recognition site) both resulted in the similar outcome of increased csgD expression. Large differences were identified in the ORFs in the csgD operon itself, as well as known csgD-controlled genes such as adrA, fimA and yoaD. A somewhat unexpected, yet important, finding was the determination of substantial csgB and csgD expression in strain 43894OW, despite insertion of the stx 1 prophage in mlrA. Although 43894OW was unable to form biofilm under the conditions of this study, there was clearly csgD transcription available for regulatory utilization, possibly at different timepoints or by target genes not tested here. This study also identified several 43894OR genes with a strong dependence on csgD that had not yet been assigned to the CsgD regulon. The mapped genes ECs3508 (hypothetical protein in the pathogenicity island EPAI3 of the Sakai genome), yhbU (collagenase), yhbV (protease), ybcK (integrase/resolvase), and ECs5540 (uncharacterized) represent novel csgD-regulated genes, many with the potential to be virulence or stress-related factors. Moreover, a partial csgD regulatory effect was also indicated on the yncC gene, which has been shown to have a positive effect on biofilm formation, as well as a negative effect on colanic acid production [29] . YncC production is stimulated by quorum sensing autoinducer 2 through the regulator MqsR, while the effects of YncC are likely to be mediated through the periplasmic protein YbiM [29] . Although this study indicates that CsgD has a positive effect on yncC expression, it remains to be determined if this effect, or the CsgD influence on any other identified gene, is direct. Certain other mapped genes that were highly expressed by at least fourfold in 43894OR compared to 43894OW were not tested in the csgD-deleted strain; however, ECs4220 (potential lipoprotein), ECs1048 (uncharacterized) and the ribose utilization genes nepI, rbsR (ECs4695) and ECs4694 were also expressed at least twofold higher in our previous study of 20R2R (where csgD expression was restored by phage excision from mlrA). These genes are likely to also represent csgD-regulated genes. RNAseq results indicated that ECs5586 (entericidin B membrane lipoprotein) expression was also >fourfold higher in 43894OR than 43894OW, but variation in the replicate qRT-PCR results testing ECs5586 expression in the csgD-deleted strain prevented concrete conclusions to be drawn regarding a regulatory role for csgD (results not shown).
There were many genes with lower expression in 43894OR than 43894OW in this study, the majority being flagellar and chemotaxis genes. Of the remaining genes, five (ECs1912, narI, narJ, narH and ydaW) were not identified in the PA20/20R2R comparison. In contrast to the genes with higher expression in the 43894OR/43894OW comparison, none of these five genes were controlled by csgD, assuming that narI, narJ, narH are all regulated in the same manner. It was also not apparent how any of these genes might be involved in the planktonic-to-biofilm transition in strain 43894OW. There are several reports linking nitrate metabolism to biofilm formation and the csg operons. Junker et al. [37] showed that inactivation of certain nitrate and nitrite reduction genes resulted in a competitive disadvantage for cells growing in biofilms compared to planktonic cells, which they interpreted as an 'importance for biofilm formation' property. Using transcriptomic studies, a different report confirmed that nitrate reductase genes were indeed induced in biofilms compared with planktonic cells [11] . However, Brombacher et al. [30] described increased biofilm and CsgB production following constitutive csgD expression in E. coli K12, but did not report differential expression of the nitrate reductase genes. Clearly, the role that the nitrate reduction pathway genes play in biofilm formation is complex and expression responses are likely to vary with different nutrient conditions and oxygen tensions. More importantly for this study, the nar genes showed an expression pattern similar to that of the flagellar/chemotaxis genes.
The differential expression of flagellar/chemotaxis genes between strains 43894OR and 43894OW was a striking finding in this study. However, the expression differences proved to be independent of the 43894OR csgD-promoter mutation and probably resulted from increased hnr expression produced in the 43894OW Nar/TK amplification. Our results showed that hnr also affects biofilm, but by reducing rather than enhancing its expression in strains capable of RpoS-controlled biofilm formation. Interestingly, in strain 43894OW, where the genome amplification established, the effects of hnr overexpression were silent because biofilm formation was blocked by the prophage insertion in mlrA. The cryptic nature of this regulatory effect suggests that the development of the genome amplification was not driven by a selective pressure to modify biofilm formation in our strain 43894 freezer stock. However, this study also showed Table 3 . Effect of hnr overexpression on the expression of a select set of biofilm and flagella genes in strain pairs 43894OR+pSE380 :: hnr versus 43894OR+pSE380, and 43894OW versus 43894ATCC
The effects of recombinant hnr (from pSE380 :: hnr) on expression of selected genes was tested by comparing strain 43894OR+pSE380 :: hnr with 43894OR+pSE380. The effects of the Nar/TK amplification on the expression of selected genes was tested by comparing strain 43894OW (containing extra copies of hnr) with 43894ATCC. that expression of csg operons still exists in 43894OW despite the prophage insertion and biofilm failures. Amplification of hnr may provide a mechanism to further restrict csgD regulation in 43894OW, the purposes for which were not apparent here.
In this study we investigated a mechanism for restoring biofilm and adhesive phenotypes to E. coli O157 : H7 strains, that being point mutation in the csgD-promoter. While we have yet to determine the specific mechanism enabling the csgD-promoter switch in strain 43894OR, we did determine that the increased biofilm-forming and CRbinding properties of strains with constitutively expressed csgD was likely to be due to increased csgD expression that not only increases biofilm structural components but also affects biofilm regulators. We also showed a csgD influence on one such biofilm regulator, YncC, and described several new csgD affected genes, including potential virulence genes. In addition, we discovered a region of genome amplification that is responsible for increased expression of hnr (the RpoS regulator), albeit minor, in the biofilm-deficient strain 43894OW. When overexpressed on an expression vector, hnr is capable of suppressing biofilm formation in a strain with restored MlrA-CsgD regulon, namely 20R2R. This control of csgD was in direct opposition to the csgD overexpression in the 43894OR variant strain. Emergence of both the biofilmenhancing promoter mutation and the biofilm-suppressing genome amplification effectively increased the range of stress resistance within that population making it more adaptable for unknown environments.
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